The gases generated by electrical and thermal faults are similar in the case of mineral oil, synthetic ester, and natural ester. However, there are considerable differences in the amount of the generated gases and their solubility in these liquids, what should be taken into account during power transformer diagnostics by means of dissolved gas analysis (DGA) method. The aim of the research was to compare the gases generated as a result of thermal faults (250 • C, 350 • C, and 450 • C) in mineral oil and both esters. The following gases were analyzed: hydrogen, methane, ethane, ethylene, acetylene, propane, propylene, carbon oxide, and carbon dioxide. A qualitative and quantitative analysis of these gases was carried out by means of gas chromatography. A large share of propane in the sum of the gases generated in the esters, mainly in the synthetic ester, was found. Propane and propylene in most of the gas interpretation approaches are omitted. The authors proved that in the case of synthetic ester, using propane as the key gas for thermal faults detection is justified. The obtained results can be used to improve the interpretation of the DGA results, in the case of ester liquids used in power transformers.
I. INTRODUCTION
One of the most important diagnostic methods of power transformers is dissolved gas analysis (DGA). This method has been used for transformer diagnostics since the 1950s. Initially, it was mainly used to assess the condition of power transformers filled with mineral oil. However, in the last 20 years, there has been a sharp increase in interest in alternative liquids for mineral oil such as synthetic esters and natural esters [1] . These new liquids have a few better properties than mineral oil, first of all, ecological values (biodegradability, non-toxicity), operation safety linked with a high flash point and fire point [1] - [4] , and also high water solubility [5] - [7] . Esters are chosen by operators more and more often but still with some fear. It results from the fact that, opposite to mineral oil, properties of these liquids are not well known yet. Some of the most essential properties involving transformer operation safety are gas properties of the liquid [8] . Increased interest in esters forces the development of reliable methods for interpreting the DGA results of these liquids.
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On the basis of qualitative and quantitative analysis of gases dissolved in insulating liquids, it is possible to detect electrical and thermal faults. An analysis of gasses generated as a consequence of electrical faults in alternative insulating liquids was carried out in several scientific centers in the world. The results of these studies are among others described in [8] - [12] .
The aim of the research conducted by the authors was to compare the gases generated in mineral oil, synthetic ester and natural ester as a result of thermal faults. The thermal faults should be understood here as excessive temperature rise in the insulation. In accordance with [13] , the thermal faults can be divided into three temperature ranges: T1 (<300 • C), T2 (300 • C − 700 • C), and T3 (>700 • C). In the case of T1 range, a high temperature is most often caused by overloading of the transformer in an emergency situation and blocked items restricting oil flow in windings. The temperature increase up to the range of T2 may result from defective contacts (between bolted connections) and circulating currents. The highest temperature, above 700 • C, is mainly caused by large circulating currents in tank and core (minor circulation currents in tank walls created by a high uncompensated magnetic field) and shorting links in core steel laminations [13] .
The gases generated by electrical and thermal faults are similar for mineral oil and esters, however, there are considerable differences in the amount of the generated gases and their solubility in liquids. These both influence on DGA results interpretation.
II. STATE OF THE ART
In the world literature, there are over a dozen articles on comparative studies of gases generated in various insulating liquids due to overheating. Some of these studies concern overheating of insulating liquids and cellulose [9] , [14] , [15] , while the authors of other studies focus on the analysis of gases generated exclusively in liquids. In this second case the following research approaches can be distinguished: 1) Heating the entire oil volume -overheating ≤ 200 • C mainly related to the generation of the so-called stray gases (H 2 , CH 4 , and C 2 H 6 ) [13] , [16] - [18] . 2) Heating a small volume of liquid in the furnacediffusion of generated gases into the oil outside the furnace [19] . 3) Heating the liquid flowing through the heated pipeclosed liquid circuit: the container with cold oil → furnace → the container with cold oil [20] , [21] . 4) Local heating of the insulating liquid using a heating element immersed in it [10] , [22] , [23] . According to the authors, the local overheating of the insulating liquid by means of heating element immersed in it best suits the conditions of such a defect in the real transformer. Therefore, the authors carried out an in-depth analysis of articles in which gases were generated exactly in this way.
The authors of the study [10] conducted an analysis of gases generated during local overheating of mineral oil (Lyra X) and natural ester (FR3). They analyzed the following gases: hydrogen, methane, ethane, ethylene, acetylene, propane, propylene, carbon monoxide, and carbon dioxide. For this purpose, they used a measuring system consisting of a two-liter glass vessel filled completely with the tested liquid, in which a resistance wire with a diameter of 0.6 mm was immersed. Its length ranged from 10 to 50 cm depending on the desired thermal power. This wire was characterized by a linear change of resistance in a wide temperature range, up to 550 • C. The resistance of the wire was calculated on the basis of current and voltage measurements, which allowed to determine its temperature. All tests were carried out for the temperature range T2 (300 • C − 700 • C). In the case of natural ester, the authors maintained the temperature of the resistance wire at 300 • C, 400 • C, 500 • C and 600 • C for a period of 6 h, 6 h, 2 h, and 1 h respectively. In the case of mineral oil, tests were performed only for wire temperature equal to 300 • C and 400 • C maintained for 1 h and 1.5 h respectively. The maximum temperature of the test was limited by the melting temperature of the resistance wire, which may indicate that the actual temperature of the wire could reach temporarily a temperature value much higher than 400 • C. This problem is explained in section V on the basis of pool boiling theory.
Analyzing the results of the research presented in [10] , it can be concluded that regardless of the temperature of the resistance wire, in the case of natural ester, the dominant gases were carbon dioxide and carbon monoxide. These gases were about 4-5 times more than ethylene and ethane, which are considered to be characteristic gases in the case of mineral oil overheating. It is worth noting the relatively high concentrations of propane and propylene, which were at a similar level as the concentrations of ethylene and ethane. The authors did not observe free gases generated during the research study of ester liquid, while in the case of the mineral oil they found that the amount of free gases were more than six times higher than the gases dissolved in oil for the temperature of the resistance wire equal to 400 • C. In the case of mineral oil, the most generated gases were carbon monoxide and carbon dioxide. Unfortunately, the authors did not give the sum of dissolved and free gases. The propane and propylene were not determined for mineral oil.
The authors of the article [22] conducted an analysis of gases generated during local overheating of mineral oil (Nytro Gemini X) and natural ester (FR3). The tests were carried out in a sealed chamber with a volume of 2.7 liters. The construction of the chamber prevented the accumulation of free gases under its cover. The free gases, which did not dissolve in the insulating liquid, went to the syringe placed above the chamber. The gases collected in this way were injected back into the system to allow their dissolution in the insulating liquid. In the liquid a copper heating element with a length of 150 mm and a diameter of 1.9 mm or 1.5 mm was immersed. To increase the temperature of this element, a large current through power cables rated at 700 A was supplied. The temperature of the heating element was measured by means of two thermocouples placed in its interior. The DGA analysis was carried out in online mode. The following gases were analyzed: hydrogen, carbon monoxide, carbon dioxide, methane, ethane, ethylene, and acetylene. In the case of mineral oil, tests were carried out for the heating element temperature of 300 • C, 400 • C and >400 • C (unspecified), while for the natural ester FR3 the tests were carried out for temperatures of 300 • C, 400 • C, 500 • C i 600 • C. The tests were carried out in cycles so that the oil temperature in the chamber did not exceed 55 • C.
The authors of the study [22] showed that for the temperature of 300 • C, the rate of gas generation for both analyzed liquids is similar. Nevertheless, more ethane and carbon monoxide was generated in natural ester than in the case of mineral oil, in which a higher methane content was observed. For the temperature of the heating element equal to 400 • C, the rate of gas generation in the case of oil was almost 20 times higher than in natural ester, and the concentrations of all tested gases were many times higher in mineral oil than in the ester.
In the article [23] the dynamics of the increase in gas concentrations generated as a result of mineral oil (Gemini X) VOLUME 7, 2019 and synthetic ester (Midel 7131) overheating was compared. The heating element immersed in the oil was a resistance wire with a diameter of 0.6 mm, wound on a ceramic insulator in the shape of a pipe with a diameter of 5 mm and a length of 70 mm. The temperature of ceramic insulator was measured with a thermocouple. The tests were carried out for three temperature ranges T1 (<300 • C), T2 (300 • C − 700 • C), and T3 (>700 • C). The publication does not state the exact temperature values of the heating element. The given temperature ranges T1, T2 and T3 correspond to the different intensity of heat exchange resulting from natural convection, nucleate boiling and film boiling (see section V).
The tests were carried out in a closed, gas-tight chamber, without an air headspace. The volume of liquid in the system was 2.95 l. The DGA analysis was performed using a chromatograph enabling the on-line gas concentration measurements. The total duration of thermal faults for the temperature ranges T1, T2 and T3 was 40 min, 12 min, and 30-50 seconds, respectively.
In the T1 temperature range, the authors of the study [23] indicated a similar rate of gas generation in mineral oil as in synthetic ester, which was 318 ppm/h and 267 ppm/h, respectively. It should be noted that among the analyzed gases were hydrogen, carbon monoxide, carbon dioxide, methane, ethane, ethylene, and acetylene. The authors of this work did not analyze the concentration of propane and propylene. These gases are ignored in most methods of DGA results interpretation. In the T2 temperature range, there was a significant difference in the rate of gas generation in mineral oil and synthetic ester, which was 1685 ppm/h and 4119 ppm/h, respectively. The rate of gas generation in synthetic ester was almost two and a half times higher than in the case of mineral oil. The concentration of all analyzed gases was higher in synthetic ester. For the T3 temperature range, it was problematic to accurately determine the rate of gas increase due to the formation of a large amount of free gases in the film boiling region. For mineral oil, in the T3 range, a faster rate of generation of gases such as hydrogen, methane, and ethylene was found. The rate of the remaining gases increase was higher in the case of synthetic ester.
Taking into account the differences in the experiments described above, it was impossible to compare the gas amount generated during thermal faults. The measurement systems and procedures used in [10] , [22] , [23] differed significantly, for example, authors used differ: liquid volume, time of gas generation, heating element temperature, surface of the heating element. These differences prevented a quantitative comparison of generated gases. However, in this case, the comparison of relative values is reasonable. Therefore, in section VII the gas ratios calculated on the basis of the data presented in [10] , [22] , [23] with ratios calculated by authors of this paper were compared.
III. PHYSICAL BASIS OF GAS FORMATION
Mineral oils contain mainly liquid fractions of saturated (naphthenic, paraffin and iso-paraffin) hydrocarbons as well as unsaturated hydrocarbons (mainly aromatic). In the case of ester liquids, the molecule consists of ester groups but also in some part from saturated hydrocarbons and, as in the case of natural esters, also unsaturated [24] .
The presence of carbon-carbon double bonds in chains found in natural esters explains their lower oxidation stability compared to other liquids. In the article [24] and brochure [1] it was shown that due to the similarities in the molecular structure of the discussed liquids (mineral oil, synthetic and natural ester), thermal decomposition lead to the formation of similar gases, however, ratios of key gases concentration will be different and require modifying the methods of interpretation of DGA results. The authors point to the formation of acetylene in the case of exposure to high-energy discharges and methane, ethane and ethylene in the case of thermal faults.
Typically, breaking C-C or C-H bonds may be due to electrical or thermal exposures of liquids. The effect of this is the formation of small (among many more complex forms), unstable molecules in the radical or ionic form (H•, CH3•, CH2•, CH•, C•), which rapidly recombine into gas molecules such as hydrogen or hydrocarbons from one, two, three or four carbon atoms. Solid carbon particles and hydrocarbon polymers are also formed [8] , [13] .
In [25] the authors showed the possibility of acetylene formation from methane in the presence of hydrogen and electric arc. The emergence of large amounts of acetylene requires temperatures above 800 • C and its rapid decline, which determines the stability of this gas. Acetylene is formed in significant quantities mainly in the situation of an electric arc. The presence of the arc is associated with the occurrence of a discharge channel, the temperature of which is several thousand degrees Celsius, while the surrounding oil has a temperature below 400 • C which promotes the formation of acetylene. This gas can also be formed at temperatures below 800 • C, but in much smaller quantities.
There are oxygen atoms in both type of ester molecules, in contrast to mineral oil. Electrical and thermal faults can lead to breaking and recombination of bonds between carbon and oxygen, which results in the generation of carbon oxides. It should be noted that the presence of carbon oxides in mineral oil, usually so far associated with the decomposition of cellulose, in esters will not always mean its degradation [24] .
The authors of the work [26] show that for natural esters there are more types of reactions, which can result in the formation of carbon monoxide than reactions in which carbon dioxide is formed. At the same time, ethylene is formed. The hydrocarbon parts of fatty acid components are similar to carbon structures in mineral oil and are subject to five similar types of reactions. Analyzing the reactions occurring here, the authors of [20] stated that:
-Hydrogen is produced in four out of five reactions; however, the hydrogen content is generally lower than any of the hydrocarbon gases; this suggests that hydrogen production reactions occur much less frequently than hydrocarbon production reactions or significant amounts of hydrogen are consumed in other reactions.
-Two of these reactions may produce ethylene; however, the amount of ethylene must never exceed the amount of carbon monoxide; the production of ethylene and carbon monoxide proceeds with higher intensity at higher temperatures.
-Only one of these reactions can produce methane and ethane, interestingly, in higher temperature ranges methane and ethane are created in a similar amount (for mineral oil it is not so); this can be explained by the occurrence of short hydrocarbon chains in mineral oil, whereas in ester liquids they are much longer.
IV. THE GOAL AND SCOPE OF RESEARCH
The aim of the research was to conduct a comparative study of gases generated as a consequence of thermal faults in mineral oil and ester liquids.
The scope of work included the study of three types of liquids currently used in insulation technology:
-Mineral oil (Nynas, Drako -uninhibited, naphthenic oil).
-Synthetic ester (MIDEL 7131).
-Natural ester (FR3). The thermal faults in the investigated liquids were achieved by means of steel wire (heating element) whose temperature during tests was maintained at 250 • C, 350 • C, and 450 • C. Gases generated as a result of thermal faults were determined both in qualitative and quantitative terms and the percentage share of gases were analyzed. The following gases were analyzed: hydrogen, methane, ethane, ethylene, acetylene, propane, propylene, oxide carbon, and dioxide carbon.
V. MEASUREMENT SETUPS 1) PREPARATION OF THE HEATING ELEMENT
Steel wire was selected for the heating element. This choice was dictated by two reasons:
-The heating element should achieve a temperature in the range from 150 • C to 450 • C and keep it for about two hours. The authors of the papers [10] , [22] , [23] reported that in this temperature range the generation of gases was observed, while the two-hour time allowed to generate measurable gas concentrations.
-The heating element should have a clear dependence of the resistance on the temperature.
The heating element with a length of 40 mm and a diameter of 0.6 mm was used. The dependence of the resistance of the heating element on the temperature was tested in the system shown in Fig. 1 , where the voltage, current, and temperature of the heating element were measured. After applying the voltage, the current flowing in the circuit was heating the wire, which changed its resistance. This caused temporal current instability in the circuit, which usually lasted less than one minute. After obtaining a stable current value, the resistance of the heating element was determined and its temperature was measured. The dependence of wire temperature on resistance is shown in Fig. 2 . A linear approximation of these results gives the equation:
where:
T he -temperature of the heating element in ( • C), R he -resistance of the heating element in ( ). Because the square of the correlation coefficient of the obtained results is very high (R 2 = 0.9867) in the further part of the work, the equation (1) was used to determine the temperature of the heating element.
2) THE SYSTEM FOR THERMAL FAULTS IN INSULATING LIQUIDS
The system for thermal faults in oil is made as a gas-tight chamber, made of the glass tube with an inner diameter of 107 mm and a height of 130 mm, and polyacetal base and lid. The lid enables insertion of the following elements:
-The current-carrying wires (copper rods with a diameter of 8 mm).
-A temperature probe (type Pt100). -A copper pipe used to monitor pressure changes and for sampling gas from the space above the surface of the liquid. All connections were made as gas-tight with the use of O-rings.
The chamber was placed on a magnetic stirrer, which allowed to reduce the temperature gradient in the tested liquid. The high gradient of temperature resulted from a very intense convection phenomenon. Excess of the heat released in the system, which could lead to temperature increase above the long-term limit for polyacetal (105 • C), was absorbed by a cooler. The cooler was made in the form of a tank filled with water. The water level in the tank was higher than the level of the tested liquid (Fig. 3) .
In such a system it is possible to obtain a heating element temperature of 450 • C in esters and 400 • C in mineral oil for two hours. Unfortunately, it was not possible to obtain a higher temperature of the heating element due to the very intense convection and phenomena described in pool boiling theory. These phenomena were described by S. Nukiyama and then analyzed in paper [23] . In particularly, they presented the dependence of the thermal flux (whose source was the electrically heated platinum wire) depending on the temperature of the wire (Fig. 4) . The A-B range on this curve reflects the phenomenon of convection. At point B, nucleate boiling begins, which occurs up to point C. In this region, despite the increase of the thermal flux, the temperature increase is strongly limited. This limitation results from the initiation of nucleate boiling at point B, which manifests in a strong removal of heat from the heating element. Point C is considered a critical point in which the so-called transition boiling begins. Transition boiling consists in covering the heating element with an unstable gas bubble layer, which limits the heat exchange between the heating element and the liquid, then the temperature of the heating element increases, even when the heat flux decreases. Exceeding the D point means starting the film boiling phenomenon, as a result of which the heating element completely covers a thin, continuous layer of vapor. The heat is transferred through the vapor film (mainly radiation heat transfer), therefore, the heater surface temperature would significantly increase with increasing surface heat flux. The C-D-C' region on the characteristic represents an unstable state that is not always present. After exceeding the point C, even a small increase in power on the heating element can cause a sudden jump of temperature to the next stable point on the curve, which is the C' point (in this case, the transition boiling practically does not occur). Then the temperature of the heating element very quickly reaches a value above 1000 • C, which was often observed during experiments in insulating liquids. The transition from C to C' often resulted in burnout of the heating element.
For insulating liquids, the boiling curve shifts towards higher temperature. Nucleate boiling starts depending on the liquid at a temperature of about 320 • C to 400 • C. At the same time, differences in determining the temperature of the heating element by different authors are at the level of about 150 • C. This may result from the different construction of the heating elements and the various methods to measure or determine the temperature. In mineral oil, the maximum temperature is 400 • C while in ester liquids 450 • C (Fig. 5) .
Above this temperature the effect of the sudden jump (jump from point C to C' on pool boiling curve) of heater temperature has occurred, this always caused the burnout of the heating element. These results are the closest to the results given in [23] , whose authors estimate these temperatures of 330 • C and 380 • C respectively. The difference is therefore around 70 • C. In [10] the authors state that the temperature of 600 • C has been reached, which in the light of S. Nukiyama's experiment, results published in [23] and the results obtained in this experiment should be called into question.
3) THERMAL FAULTS PROCEDURE
Mineral oil (Nynas Draco), synthetic ester (MIDEL 7131) and natural ester (FR3) were investigated. The tested liquid of 880 ml volume was poured into the internal tank (described in section V.2), leaving 280 ml of air. The tank was then sealed. The tightness was checked by increasing the pressure in the tank by 200 mbar above the atmospheric pressure. The tank was considered to be sufficiently airtight if no pressure drop was noted by more than 1 mbar over 5 minutes After confirming the tightness, the system was brought to atmospheric pressure using a three-way valve.
In the next step, the power supply of the system was connected, the resistance of the heating element was controlled and the current in the circuit was regulated. The constant temperature of the wire in the oil was maintained by checking every 30 seconds the current and voltage on the heating element and manual current regulation in such a way that the resistance of the heating element remained constant. Such manual adjustment was sufficient to maintain the set wire temperature with a deviation of up to 5 o C. The results showed in Table 1 were calculated on the basis of equation (1).
The tested liquids were heated for two hours. The temperature of the heating element in the case of esters was successively 250, 350 and 450 • C, while in the case of mineral oil 250, 350 and 400 • C. After each two-hour exposure of liquid to contact with a high-temperature element, the samples of gas (from over the surface of the liquid) and samples of liquid were taken. After each heating, the liquid in the chamber was replaced with a new one and the procedure for checking the tightness of the system was repeated. The power emitted from the heating element depends on the type of liquid and the temperature of the heating element, as shown in Fig. 6 .
VI. GAS MEASUREMENT PROCEDURE
One of the objectives of the study was to compare the volume of gases generated in various insulating liquids. The authors used a gas chromatograph type 8610C TOGA for gas detection. The chromatograph is equipped with two detectors: the flame ionization detector FID and the thermal conductivity detector TCD. Such a configuration of chromatograph allows for analysis of the following gases: carbon monoxide, methane, carbon dioxide, ethylene, ethane, acetylene, propane, propylene, hydrogen, oxygen, and nitrogen.
As described in section V, the measurement chamber was partially filled with the test liquid, the rest of the space was filled with air. During local heating of liquid, the generated gases were partially dissolved in it and in part they escaped to the headspace. Taking the above into consideration, to determine the total volume of gases generated during the test, it was necessary to measure the gas concentration both in the oil part and in the air part of the chamber. Based on the known volume of the liquid and the volume of the headspace, and based on the gas concentrations in both of these media, it was possible to calculate the volume of gas generated during thermal faults.
The procedure for measuring the volume of gases which escaped to the headspace after liquid overheating consists of the following steps: 1) Sampling gas from the headspace and dosing it into the chromatograph sample loop. 2) Chromatogram analysis -determining peak area P a for each gas. 3) Calculation of gas concentration C G :
where: a -slope of straight line determined by means of the calibration gas.
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4) Calculation of volume VGA G , expressed in µl, for each gas in headspace:
where: V pp -the volume of headspace in the chamber (V pp = 280 ml).
Procedure for measuring the volume of gases dissolved in the insulating liquid after its overheating consists of the following steps:
1) Sampling of the liquid from the chamber.
2) Partial filling of the chromatography vial with liquid.
3) Heating the vial at 70 • C for 2 hours. 4) Sampling gas from the headspace in the vial and dosing it into the chromatograph sample loop. 5) Chromatogram analysis -determining peak area P a for each gas. 6) Calculation of gas concentrations C G from (2). 7) Calculation of each gas concentrations C GL in the liquid sample:
where: k -headspace partition coefficients measured experimentally at 70 • C, V G -the volume of headspace in the vial, ml V L -the volume of liquid in the vial, ml. 8) Calculation of volume VGL G , expressed in µl, for each gas in insulating liquid:
where: V il -the volume of insulating liquid in the chamber (V il = 880 ml). Fig. 7-15 present a comparison of gases volumes generated during high-temperature overheating (250 • C, 350 • C and 450 • C) of mineral oil (MO), synthetic ester (SE) and natural ester (NE). The following gases were analyzed: hydrogen, carbon monoxide, methane, carbon dioxide, ethylene, ethane, acetylene, propane, and propylene. In the case of mineral oil, it was impossible to obtain a heating element temperature of 450 • C, as explained in section V. In this case, the temperature of the resistance wire was 400 • C. Moreover, in Fig. 16 , the total volume of combustible gases generated from MO, SE and NE was compared (the sum of all analyzed gases except carbon dioxide).
VII. RESULTS AND DISCUSSION
The research results showed that in the case of high temperature overheating T2 (>300 • C), the largest volume of gas was generated in the case of synthetic ester. For a temperature of 450 • C, the volume of combustible gases in synthetic ester was more than 11 times higher than in the case of natural ester and more than 23 times higher than in the case of mineral oil for which the overheating temperature was 400 • C.
In the case of synthetic ester, for the temperature of heating element equal to 450 • C, significantly higher volumes of carbon monoxide, methane, ethylene, ethane, propane, and propylene were found than in the case of mineral oil and synthetic ester.
Only in the case of carbon dioxide and acetylene, slightly larger volumes of these gases were generated in mineral oil. The presence of acetylene, in the case of mineral oil, results from the fact that in the last phase of the experiment the film boiling appeared and the temperature of resistance wire exceeded the melting point of the steel. Therefore the heater surface temperature significantly increased. It was the reason for the generation of acetylene. The higher concentration of CO 2 in mineral oil was probably due to the oxidation process.
The research results did not confirm the conclusion presented in the work [22] that, in the case of the temperature of 400 • C, the rate of gas generation in mineral oil is many times higher than in natural ester.
Most likely, the temperature of the resistance wire in the experiment described in [22] , in the case of the mineral oil, was much higher than 400 • C, which can be explained on the basis of pool boiling theory (section V).
The authors of this article came to similar conclusions as to the rate of gas generation in mineral oil and in synthetic ester like the authors of the publication [23] . In the T2 temperature range, there was a significant difference in the gas generation rate. The rate of gas generation in synthetic ester was much higher than in the case of mineral oil. However, the authors of the study [23] did not analyze the concentrations of propane and propylene, whose content at high temperature overheating of synthetic ester is significant. Fig. 17-19 show the percentage share of each gas in the sum of gases generated in mineral oil, synthetic ester and natural ester at the temperature of resistance wire equal to 350 • C. It is clear from Fig. 17 that in the case of high temperature overheating of mineral oil the largest share of gases in the sum of generated gases was found in the case of carbon dioxide (73.52%) and carbon monoxide (19.89%). This conclusion is consistent with the results of the research presented in the article [10] . In addition to carbon oxides, the following gases were found: methane, ethane, ethylene, and hydrogen. These gases are considered to be characteristic of mineral oil overheating.
In the case of synthetic ester overheating, propane had the largest share (27.21%) in the generated gases. There was also a significant share of carbon monoxide (17.6%), carbon dioxide (16.92%), as well as ethane (16.79%).
For natural ester, the highest share of ethane (44.97%) and hydrogen (22.55%) was found. There was also a significant share of carbon oxide and carbon dioxide equal to 17.05% and 8.62% respectively.
Based on the research results, the ratios of gases %CH 4 , %C 2 H 2 , and %C 2 H 4 were determined. FIGURE 20. Duval's triangle [27] for mineral oil with marked research results and results from [10] , [22] , and [23] .
These ratios were used to interpret DGA results using Duval's triangles for different liquids (Fig. 20 -Fig. 22 ). Moreover, on these figures, gas ratios calculated on the basis of the data presented in [10] , [22] , and [23] were also marked. In most cases, the analysis of gas ratios by means of these diagrams indicates overheating of the liquid. However, in some cases, it was impossible to correctly indicate the temperature range (T1, T2, T3) of overheating. Propane and propylene are generated during overheating of esters, especially synthetic ester, in significant quantities, therefore, it seems reasonable to use these gases, to improve classification of thermal fault. This proves the necessity of conducting further research, especially in terms of standardizing the methods of exposing FIGURE 21. Duval's triangle [27] for synthetic ester with marked research results and results from [10] , [22] , and [23] .
FIGURE 22.
Duval's triangle [27] for natural ester with marked research results and results from [10] , [22] , and [23] .
liquids to high temperatures. Research carried out in different ways by different researchers may lead to diverging results.
VIII. SUMMARY
In conclusion, special attention should be paid to the high share of propane in the sum of the gases generated in the esters, mainly in the synthetic ester. Propane and propylene in most gas interpretation approaches are omitted. In the case of synthetic ester, it seems reasonable to use propane as a gas characteristic for thermal faults type T2 (above 300 • C).
A significant amount of carbon monoxide and carbon dioxide, generated as a result of thermal faults, in natural and synthetic esters should be associated with the presence of oxygen in ester molecules.
The thermal faults can lead to breaking and recombination of bonds between carbon and oxygen, resulting in the generation of carbon oxides. Therefore, it should be noted that the presence of carbon oxides (in mineral oil associated with the disintegration of cellulose chains), in esters will not always mean the degradation of cellulose.
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